Low range femoral torsion, termed "lateral shaft torsion," has been associated with greater range of hip external rotation and turnout in dancers. It is also hypothesized that achieving greater turnout at the hip minimizes torsion at the knee, shank, ankle, and foot, and consequently reduces incidence of lower limb injuries.
The primary aims of this study were to investigate: 1. differences in range of femoral shaft torsion between dancers with and without lower limb injuries; and 2. the relationship between femoral shaft torsion, hip external rotation range, and turnout. A secondary aim was to examine the relationship between femoral shaft torsion and other hip measures: hip strength, lower limb joint hypermobility, hip stability, and foot progression angle, as explanatory variables. Demographic, dance, and injury data were collected, along with physical measures of femoral shaft torsion, hip rotation range of motion, and turnout. Hip strength, control, lower limb hypermobility, and foot progression angle were also measured. Eighty female dancers, 50 with lower limb injury (20.7 ± 4.8 years of age) and 30 without lower limb injury (17.8 ± 4.1 years of age), participated in the study. There was no difference in range of femoral shaft torsion between the groups (p = 0.941). Femoral shaft torsion was weakly correlated with range of hip external rotation (r = -0.034, p = 0.384) and turnout (r = -0.066, p = 0.558). Injured dancers had a significantly longer training history than non-injured dancers (p = 0.001). It was concluded that femoral shaft torsion does not appear to be associated with the overall incidence of lower limb injury in dancers or to be a primary factor influencing extent of turnout in this population. F emoral torsion, anteversion and retroversion, and antetorsion and retrotorsion are interchangeable terms used to indicate twisting of the femur, which results in offset of the femoral neck and condyles in the transverse plane. This torsion is a combination of bony twisting at the femoral neck and shaft. Femoral antetorsion, as characteristically found in healthy adults, refers to the 10° to 20° medial rotation of the femoral condyles in the transverse plane relative to the axis of the neck of the femur ( Fig. 1) . 1, 2 Medial rotation of the condyles of more than 20° is defined as excessive femoral antetorsion, while less than 10° (relative lateral rotation) is termed femoral retrotorsion. 3 In children, excessive antetorsion of the femur has been found to be associated with increased hip internal rotation and decreased hip external rotation range. [4] [5] [6] 7 Conversely, in adult dancers, femoral retrotorsion was found to be associated with increased hip external rotation range. 8 Asymmetry in hip range due to either excessive femoral antetorsion or retrotorsion has the potential to overload the hip or joints lower in the kinetic chain and is thought to lead to injury. 4, 5, [9] [10] [11] Retrospective studies have shown an association between femoral torsion and lower limb injury. Eckhoff and coworkers found that excessive femoral antetorsion (defined as more than 15°) was associated with anterior knee pain and arthritis in adults. 12, 13 Discrepancies between the rotational tolerance of the hip joint and that of the knee joint in the antetorted femur result in significant increases in patellofemoral contact pressure, 14 explaining the association with pain. 12 The same researchers found that femoral retrotorsion, defined as an angle less than 10°, was associated with hip arthritis and instability. 13 However, femoral torsion as a causal factor for lower limb pain or injury has yet to be demonstrated in a prospective study.
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In the upper limb, retrotorsion of the humerus has been found in throwers' dominant arms, which is believed to be due to the effect of repetitive mechanical loading on the humerus. 15, 16 In the lower limb, repetitive turnout maneuvers in ballet may be analogous to repetitive throwing in the upper limb. Although no studies have shown that ballet training can influence the amount of torsion of the femur, it has been theorized that early ballet training and high training intensity may affect skeletal modelling, allowing for a moulding of femoral torsion up to the ages of 11 to 14 years. [17] [18] [19] The proximal femoral physes close at approximately 17 to 18 years of age, and the distal femoral physes close at approximately 17 to 19 years. 20 Therefore, it can be speculated that intense ballet training, even at a later age (up to 20 years), may affect the skeletal modelling of the femur.
In children, retrotorsion of the femur was shown to be associated with increased range of external rotation, which potentially optimizes the execution of ideal turnout with minimal involvement of the knee, tibia, and ankle, and hence potentially decreases the susceptibility of developing lower limb injuries. [21] [22] [23] [24] [25] Ideal turnout (180°) is optimally achieved through maximal hip external rotation, with less contribution from the knee, ankle, and foot. 19, 26 Thomasen and colleagues suggested that in order to produce the ideal turnout each limb should contribute 70° passive hip external rotation, 5° to 10° of tibial external rotation, and 15° to 20° of movement of the foot. 27 Based on this proposal, dancers with femoral retrotorsion should have a lower risk of developing lower limb injuries. Dancers with less hip external rotation and possibly excessive femoral antetorsion attempt to increase turnout angle by planting their feet in position through excessive motion at the knee and foot. 27 These compensatory strategies at the knee and ankle can lead to altered loads throughout the lower limb, thereby increasing the risk of injury to that anatomical unit.
Previous studies have used a conventional method to measure femoral torsion, whereby torsion of the femur was identified as the angle subtended by the axis of the head-neck and the condyles of the distal femur. However, the actual site of torsion remains unknown. Torsion may occur at one of two sites: between the femoral head and neck or between the greater trochanter and shaft or at both sites during growth. Therefore, the primary aims of this study were to investigate: 1. femoral shaft torsion in dancers with and without lower limb injury and 2. the relationship between femoral shaft torsion and passive hip external rotation range and turnout. The secondary aim was to explore the association between femoral shaft torsion and other measures, including strength, lower limb hypermobility, foot progression angle, and hip stability.
Methods and Participants
For this cross sectional study, 80 female professional dancers and tertiary level dance students, with mean age 19.6 ± 4.7 (mean ± SD) years, were recruited from performing arts schools in the Sydney Metropolitan, Canberra, Brisbane, and Wollongong areas in Australia. Inclusion criteria were female, aged between 14 and 35 years, with a history of at least 4 years of ballet training in childhood or adolescence, but may or may not be currently dancing (of any type). The 4-year minimum was chosen since 4 years of ballet training has been previously observed to affect skeletal modelling. 8 Dancers were excluded if they had a history of hip surgery, any lower limb congenital disorders, or any current injury that would limit testing.
Injury status determined group allocation. Group 1 was comprised of injured dancers who had either a current lower limb injury or a history of lower limb injury (N = 50). Only dance-related injuries diagnosed by a clinician (physician or physiotherapist) were included and reported in this study. Group 2 were dancers (N = 30) with no history of dance-related injury to the lower limb. Approval for the study was granted by the University of Sydney's Human Research Ethics Committee. Informed consent was obtained from all dancers, and a parent or guardian also provided consent for dancers younger than 16 years.
Only one leg of each dancer was tested in a single session (22 left and 28 right in the injured group and 19 left and 11 right in the non-injured group). Testing was undertaken on the injured leg of unilaterally injured dancers or the leg with the injury that took the longest time to recover (i.e., return to dance) in dancers with bilateral injuries. The test leg was randomized in the uninjured dancers. Each test was performed three times, and the average of the three results was used for statistical analysis, except for strength testing, for which the best performance of the three trials was used.
Measurement Protocol
Questionnaires Demographic data and information about dance history and injury his- tory were collected. Subjects were broadly matched for age. Demographic questions included age at the time of testing and menarche. Questions on dance history included age commenced dancing, total years of dancing, hours of dancing per week, types of dancing studied at the time of testing, hours of ballet training per week (if still currently dancing), total years of ballet training, grade of ballet reached, and types of ballet studied. Questions on current and previous lower limb musculoskeletal injury history included area, side (right or left), type of injury, when the injury occurred, ability to dance during the recovery period (severity of the injury in yes/no), time taken to recover (full resumption of training), and whether the injury had any current effect on dancing.
Physical Measures Femoral Shaft Torsion
In the current study, measurement of femoral torsion was confined to the femoral shaft, using an ultrasound-assisted method previously developed by the investigators. 28 This method was shown to have excellent intra-and inter-rater reliability. 28 Briefly, the dancer lay supine with her hips and knees relaxed in a neutral position. A customized jig with an attached digital inclinometer (Accumar TM ) was aligned with the femoral condyles of the test knee. With the assistance of real-time ultrasound (Siemens ACUSON X300), the assessor produced an image of the greater trochanter "peak." 28 The assessor ensured that the transducer was maintained in the coronal plane using the attached spirit level, after which the whole leg was rotated internally (medially) or externally (laterally) until the "peak" appeared uppermost on the screen. The angle of femoral shaft torsion was defined as the angle measured on the inclinometer, representing the relative position of the axis of the condyles to the greater trochanter. Medial shaft torsion was defined as medial rotation of the condyles and lateral shaft torsion as lateral rotation of the condyles relative to the most superficial placement of the "peak."
Hip Rotation Range of Motion
Hip rotation range was measured using a digital inclinometer with the dancer lying prone. With the hip in neutral flexion and extension and neutral abduction and adduction, the dancer's knee was passively flexed to 90°, and the inclinometer was placed on the tibia just proximal to the medial maleolus. 29 The assessor used the shank to produce passive hip internal and external rotation until the contralateral pelvis was observed to move. Maximum hip external and internal rotations were measured separately.
Turnout
Active turnout was measured with the dancer standing with each foot on a rotational disc (Fitterfirst; Calgary, Canada) placed on an enlarged protractor (Fig. 2) . 30 The diameter was drawn across each disc and marked with an arrowhead at each end. The anteriorly-pointing arrow head was aligned with 0° on the protractor and with the dancer's second toe. The posteriorly-pointing arrow head was aligned with the middle of the dancer's heel. The dancers stood with their knees straight and their pelvis in a relaxed self-selected position. Full external rotation of the hip (turnout) was performed actively on both legs, but only the angle of turnout of the test leg was recorded. The tester watched for any compensatory strategies, such as anterior pelvic tilt, in which case the dancers were asked to immediately correct their posture.
Other physical measures Hip Strength
Strength of the hip flexor, extensor, abductor, and adductor muscle groups were measured using the "break" method, where maximum isometric contraction produced by a muscle group was overcome by a force applied by the examiner. 31, 32 The hip flexor and adductor muscle groups were tested with the dancer in supine and the hip and knee of the tested leg at 90°. The hip extensor muscle group was tested in prone, and the abductor muscle group was tested in side lying with the test leg uppermost. Both extensor and abductor strength were tested with the test knee in extension. Strength was tested using a hand-held dynamometer (Lafayette Instrument), which is a reliable method for muscle strength testing in a clinical setting. 33 Dancers could stabilize themselves by holding on to the side of the table with their hands. The dynamometer was placed 5 cm proximal to the superior border of the patella for flexion, the lateral knee joint line for abduction, the medial knee joint line for adduction, and the posterior knee crease for extension. The dancer was asked to perform a 5 second maximal isometric contraction. Each dancer performed three repetitions for each muscle group. The best of the three readings was used for analysis.
Lower Limb Hypermobility
The lower limb assessment scale (LLAS) was used to quantify general hypermobility of the lower limb. This is a 12-item test with a maximum score of 12. Excessive movement on eight or more items indicates hypermobility. 34 Only the test leg was assessed.
Foot Progression Angle
Foot progression angle (FPA) was computed based on the method described by Shores. 35 The sole of the dancer's test foot was colored with water-based paint. The dancer was then instructed to walk along an 8 m sheet of paper at normal walking speed. Five foot prints were obtained, and the FPA was computed using the second, third, and fourth prints of the test leg. Computation of the FPA required dividing the foot into thirds (Fig. 3) . A line was drawn marking the lowest third segment of the foot (CD).
A line was also drawn from the second toe to the middle of the heel (AJ). The point where these two lines intersected was marked (F). FPA was the angle made by the longitudinal line connecting the point of intersection from the second and third footprints and repeated for all four footprints. An average foot progression angle of three steps of the test leg was calculated.
Hip Motor Control
Hip motor control was measured using the lateral pelvic drop test based on the test described by Weir and associates. 36 Dancers stood on the edge of a step with their pelvis and shoulders parallel to the ground and hands on the waist. The non-test limb hung over the side of the step with the foot in plantar flexion. To ensure that the movement was focussed on the hip, both knees remained straight while dancers lowered their non-test leg toward the ground and maintained their shoulders in the starting position. Successful achievement of the test was to lower and return the non-test limb to the starting position without implementing compensatory strategies. A mirror provided visual feedback. A metronome was used to standardize the rate of lowering and raising of the non-test leg. Dancers were instructed to perform as many repetitions as they could or until the test ended after 60 seconds. Markers were placed on both anterior superior iliac spines to facilitate observation of any compensatory strategies. Such strategies, which were recorded as a failed test, were as follows: inadequate hip raising, hip hitching, bending the stance knee, or hip and trunk sway in any direction. Dancers were told to correct their posture should there be any compensatory movement detected before continuing the test and were instructed to stop after three failures were recorded. The number of successful repetitions (1 full cycle of lowering and raising) was recorded.
Data Analysis
Data were analysed using SPSS version 20.0. Descriptive statistics were used to summarize the group data. Differences between the injured and uninjured groups were analysed using independent t-tests. There was no difference in the magnitude of femoral shaft torsion between injured and non-injured dancers (p = 0.94). Average femoral shaft torsion of all dancers was 12.7° ± 6.5° (mean ± SD); 76% had lateral, and 23% medial shaft torsion. Only 1% had neutral (zero) femoral shaft torsion (0°). The average torsion for injured dancers was 12.2° (6.3°) and for non-injured dancers 13.4° (6.8°).
Injury Data
Injuries involving multiple joints were reported by 34% of injured dancers, ankle injury only by 24%, and knee injury only was reported by 10% of injured dancers ( Table 2 ). The most common specific pathological diagnosis was ligament sprain (17.2%), followed by muscle strain (12.5%), and compartment syndrome (12.5%, Table 3 ). Fifty percent of those injured continued to dance immediately following the injury. Most injured dancers (78%) currently experienced on-going symptoms from their injury, such as instability, weakness, pain, or discomfort. Injury incidence was significantly higher in dancers with longer participation (mean ± SD) 12.1 ± 6.2 years than those with shorter participation 9.6 ± 3.7 years, p < 0.001 in ballet training and those who Total 50 100%
*Injury to a combination of the following: foot ankle and shin, shin and hip, ankle and hamstring, ankle and lower back, knees and ankle, knee, ankle, hip and back, hip, adductors and hamstring, ankle and shin, hip and knee, knee and SIJ, patella and hamstring, ankle, hamstring and knee, and hip and hamstring; †injury to either patella or tendon (Achilles and tibialis anterior). had a higher hypermobility score on the LLAS (Table 1) , p < 0.001.
Relationship Between Femoral Shaft Torsion and Other Variables
Femoral shaft torsion was found to have a very weak negative correlation with range of hip external rotation (r = -0.034, p = 0.384) and turnout (r = -0.066, p = 0.558). The association between femoral shaft torsion and all other variables was also found to be very weak (Table 4 ).
Discussion
We found no significant difference in magnitude of femoral shaft torsion between dancers with a history of lower limb injury and those without. We also found that magnitude of lateral shaft torsion was not correlated with range of hip external range of motion or turnout or with any other variables evaluated in this study. To our knowledge, this study is the first to investigate the relationship between femoral shaft torsion and lower limb injury in dancers. Despite retrospective studies showing an association between femoral torsion and lower limb injury, 12, 13, 38, 39 no association was found in the current study. This may be the result of two methodological factors. Firstly, we included all types of lower limb injuries, whereas previous studies examined the relationship between femoral torsion and specific injuries, such as anterior knee pain, 12,13 knee osteoarthritis, 38 or hip osteoarthritis independently. 39 Work in the area suggests that different hip characteristics cause different types of injury. Excessive range of hip external rotation, for example, has been shown to cause lower limb stress fractures. 40, 41 The current study was not powered to investigate these direct relationships and examined all types of lower limb injury. It may be that excessive medial shaft torsion is more related to knee and ankle injuries, due to the potential rotational stresses developed when attempting to achieve turnout.
Secondly, the method of measuring femoral torsion used in previous studies differed from the method used in our study. We measured femoral shaft torsion, while other studies measured total femoral torsion. It is possible that the femoral shaft torsion measure is less representative of the total torsion than that occurring at the physes and neck. However, the femoral shaft torsion in our cohort, 12.7° (6.5) , is similar to the range of femoral torsion reported in other studies of dancers. 8, [42] [43] [44] [45] Future work could also concentrate on calculating total torsion occurring down the lower limb, incorporating torsion measures throughout the femur, the orientation of the acetabulum, and torsion of the tibia. Thirdly, previous studies used an older population (21 to 84 years), whereas we recruited only participants aged 14 to 35 years. It is possible, although unlikely, that femoral modelling continues after closure of the physes, usually between 17 and 19 years old. 20 Although our study showed no difference in femoral shaft torsion between injured and non-injured dancers, we found that injured dancers had a longer history of participation in ballet training and had greater hypermobility (LLAS) than non-injured dancers. The current study was not designed or powered to investigate the relationship between length of dance history and rate of injury, but our secondary findings confirm those of other studies. 46, 47 Normative data on hypermobility, based on LLAS, are from children and are not available for adults; however, hypermobility is expected to decrease with age, and therefore adult scores on the LLAS may be expected to be lower than in children, as was found in this study. Nevertheless, our data suggest that hypermobility is significantly greater in the slightly older, injured group of dancers and therefore contributes as a risk factor for injury in dancers. Further longitudinal research is required to confirm or refute this hypothesis. The current study found a very weak correlation between magnitude of femoral shaft torsion and turnout in adults despite previous research demonstrating a strong relationship in children. [4] [5] [6] McHay and coworkers 48 theorized that dancers may develop retrotorsion of the femur (equivalent to lateral shaft torsion in this study) as a result of repetitive turnout training, in conjunction with forces involved in ballet maneuvers, such as jumping and landing, which are known to alter bone modelling in the hip region during the pre-pubertal period. [49] [50] [51] [52] Hamilton and coworkers 8 reported a moderate negative correlation between femoral antetorsion and turnout. However, the clinical method used to measure femoral torsion was later found to be inaccurate when compared against the gold standard of MRI. 53 The current study measured femoral shaft torsion, a different aspect of femoral torsion, and this possibly also contributes to the inconsistent findings. Dance teachers working with children and adolescents should be aware of the skeletal changes that may occur with training.
We also found that turnout did not correlate well with passive range of hip external rotation, suggesting that dancers in our study augmented their turnout from different sources, including for some the knee or the ankle. Chronic compensatory maneuvers for producing maximal external rotation of the hip and turnout may result in injuries to these distal joints on the same extremity 45 and perhaps affect skeletal modelling of the tibia. Future research could measure tibial torsion and examine the relationship between it and range of hip external rotation, turnout, and lower limb injury.
Dancers' range of hip external rotation in the present study was similar to that reported in other dancers and is significantly higher than that of non-dance populations of the same age. Also, despite having greater range of hip external rotation than the non-dance population, femoral torsion in dancers was not significantly different. 8, 45 The greater range of hip external rotation could be due to greater flexibility of the hip joint passive structures, 19, 54, 55 hip rotation strength, or shortening of the hip external rotators and posterior hip joint capsule with a concomitant lengthen-ing of the hip internal rotators and the anterior capsule. 19, 24, 56, 57 Future studies could consider the correlation between femoral shaft or total torsion and strength of the hip rotators. They should also consider measuring femoral shaft torsion and hip measures on both sides to investigate betweenside differences. Although technically the range of hip rotation should be symmetrical, often one side is more restricted. It is possible that either the less restricted side absorbs more stress and is injured, or the restricted side is "forced" more and becomes injured. Further research could clarify these hypotheses.
Our secondary aim was to investigate whether there was any relationship between femoral shaft torsion and other hip measures. We found only very weak correlations between femoral shaft torsion and muscle strength, lower limb hypermobility, hip stability, and foot progression angle.
Conclusion
This study found no difference in femoral shaft torsion between dancers with and without lower limb injury. Lateral shaft torsion measured using real-time ultrasound was found to be very weakly correlated with hip external rotation and turnout in this cohort. No clinically relevant correlations were found between femoral shaft torsion and other hip measures.
